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Lorenz  Ratios  of  Technically  Important 
Metals  and  Alloys 

J.    G.    Hust  and  L.    L.    Sparks 

A  comprehensive  review  and  compilation  of  the  world  literature 
on  Lorenz  ratio  of  technically  important  metals  and  alloys  is  presented. 
Lorenz  ratio,    electrical  resistivity,    thermal  conductivity,    and  characteri- 
zation data  are  compiled  in  tabular  form  and  the  Lorenz  ratio  data  are 
presented  in  graphical  form  as  well.     Data  are  included  here  only  if  the 
research  reported  both  thermal  conductivity  and  electrical  resistivity  of 
the  specimens.     No  attempt  has  been  made  to  smooth  data  or  present 
recommended  values. 

Key  Words:     Alloys;  compilation;   cryogenic;   electrical  resistivity; 
Lorenz  Ratio;  metals;  thermal  conductivity. 

1 .     Introduction 

The  development  of  new  materials  and  a  renewed  interest  in 
existing  materials  by  modern  technological  industry  is  creating  a  de- 
mand for  thermal  and  electrical  property  data.     These  data  are  needed 
for  the  selection  of  suitable  construction  materials  and  the  prediction  of 
operating  characteristics  of  low  temperature  systems.     Apparatus  are 
available  at  this  laboratory  as  well  as  others  for  the  accurate  measure- 
ment of  thermal  conductivity,    electrical  resistivity,    and  thermopower 
of  metals  and  alloys  over  the  range  from  4  to   300  K.       However,    the 
measurement  of  thermal  conductivity  is   slow  and  expensive;   one  cannot 
hope  to  fill  the  immediate  demand  for  data  by  measurement  alone. 
Furthermore,    metals  and  alloys  display  a  wide  range  in  their  conduc- 
tivity values  at  a  given  temperature  and  a  single  material  may  exhibit 
values  varying  over  several  orders  of  magnitude  as  a  function  of  tem- 
perature.     One  cannot  look  to  theory  for  these  values,    since,    presently, 
theoretical  predictions   represent  qualitative  guidelines  only.       However, 


a  strong  relationship  between  thermal  conductivity  and  electrical 
resistivity  of  metals  was  observed  many  years  ago  and  the  nature  of 
this  correlation  has  been  studied  ever  since.     This  relationship,    called 
the  Wiedemann-Franz-Lorenz  law,    makes  it  possible  to  predict  approx- 
imate values  of  thermal  conductivity  from  less  expensive  electrical 
resistivity  measurements.     For  this  reason  we  feel  a  compilation  of 
Lorenz  ratios  of  technically  important  metals  is  overdue.      The  predictive 
value  of  these  data    is     explained  below. 

2.     Theory 

In  order  to  better  understand  the  methods  of  predicting  thermal 
conductivity  from  the  Lorenz  ratio,    it  will  be  helpful  to  have  an  under- 
standing of  the  general  thermal  and  electrical  properties  of  metals  and 
alloys.     The  following  sections  on  thermal  conductivity  and  electrical 
resistivity  are  included  as  a  review  of  the  fundamental  physical 
behavior. 

2.  1       Thermal  Conductivity 

The  thermal  conductivity,  X,    of  a  metal  or  alloy  usually  is  consid- 
ered to  be  the  sum  of  two  components-  the    electronic,    X     ,    and  lattice,  X 

e  § 

X  =   X     +  X  .  (1) 

e        g 

There  are  other  mechanisms  of  heat  transport;  however,    they  generally 
are  not  applicable  here.     The  lattice  term  designates  the  energy  car- 
ried by  the  lattice  vibrations,    called  phonons.      The  subscript  g  comes 
from  the  German  word  for  lattice,    Gitter, 

In    "electrically  pure"  materials    the  lattice  term  is  small  (usually 
less  than  5  and  almost  never  more  than  20  percent  of  the  total)  compared 
to  the  electron  term.     Electrical  purity  is  characterized  by  the  residual 


resistivity  ratio,    RRR,    between  273  K  and  4  K  (RRR  =   p         /p         ).      The 
electrical  purity  of  a  material  is  not  specified  uniquely  by  the  chemical 
purity  of  that  material;    it  also  depends  on  the  distribution  and  location 
of  the  impurity  atoms  and  on  the  physical  imperfections  in  the  solid. 
For  example,   whereas  the  chemical  purity  may  remain  essentially  un- 
changed in  annealing,    the  electrical  purity  of  a  material  can,    in  some 
instances,    be  changed  by  an  order  of  magnitude  or  more.     As  will  be 
described  later,    such  a  change  also  affects  the  thermal  conductivity. 

In  alloys,    the  electronic  conductivity  is  so  small,    especially  at 
lower  temperatures,    that  the  lattice  conductivity  no  longer  is  negligible. 
As  a  matter  of  fact,    X    is  often  much  larger  than  X    .      The  total  conduc- 
tivity  of  alloys  is  less  than  that  of  pure  metals,    and  some  alloys  have 
conductivities  approaching  those  of  thermal  insulators.     The  general 
temperature  dependence  and  relative  magnitude  of  the  conductivities  of 
several  materials  are  illustrated  in  figure   1.     More  details  are  given 
by  Powell  El]. 

2.  2       Electrical  Resistivity 

For  commercially  pure  metals  and  some  alloys,    the  electrical 
resistivity  is  described  adequately  by  Matthiessen' s  rule.      This  rule, 
eq(2),  states  that  the  electrical  resistivity  of  a  metal  is  the  sum  of  two 
parts:     the  intrinsic  resistivity,    p.,    which  is  characterized  by  electrons 
interacting  with  phonons  only,    and  the  residual  resistivity,    p    ,    which  is 
characterized  by  electrons  interacting  with  the  chemical  and  physical 
imperfections  of  the  metal. 


p(T)  =   p     +  p.  (T)  (2) 

o  i 

The  residual  resistivity  is  assumed  to  be  temperature  independent  while 


Numbers  in  brackets  refer  to  list  of  text  references  at  the  end  of  this 
paper. 
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Figure   1.       Thermal  conductivity  of  metals  and  alloys,      (a)  pure  metal  (gold), 
(b)  high  conductivity  alloy  (aluminum-7039),   and  (c)  low  conductivit 
alloy  (titanium -5A Z-Z.  5  Sn). 
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the  intrinsic  resistivity  increases  rapidly  with  temperature.      The 
specific  temperature  dependence  varies   strongly  but  systematically 
both  -with  temperature  and  material.     Nevertheless,    P^    is  not  dependent 
significantly  upon  small  composition  changes  for  a  given  metal  or  alloy. 
Thus,   if  one  knows    P-    (T)  for  a  given  metal,    P(T)  for  different  compositions 
can  be  obtained  from  eq (2)  after  measuring  only    pQ  .     The  value  of  p       is 
obtained  by  measuring    P   at  low  temperatures  where   P-     is  negligible  (liquid 

helium  temperature  is  adequate).     A  few  characteristic  electrical  resistivity 
curves  of  pure  metals  and  alloys  are  given  in  figure  2. 

2.3    Lorenz  Ratio 

In  185  3  Wiedemann  and  Franz  formulated  an  empirical  law  relating 
the  thermal  and  electrical  conductivities  of  metals,   namely,   that  the 
ratio  of  the  electrical  and  thermal  conductivities  (WF  ratio)  at  a  given 
temperature  is  the  same  for  all  metals.     In  1872  Lorenz  discovered  that 
the  WF  ratio  is  proportional  to  temperature.     The  result  was  the  Wiedemann- 
Franz- Lorenz  (WFL)  law: 

—     =     XP     =     LT,  (3) 

a 

where    a    =  electrical  conductivity,     L  =  Lorenz  number,    and    T  -  absolute 
temperature. 

Drude  gave  a  theoretical  derivation  of  the  WFL  law  for  the  electronic 
component  of  thermal  conductivity  in  1900  and  obtained  a  value  of  2.228  X 
10    i      V2  /  K2     for  L.     Sommerfeld  calculated  the  first  order  approximation 
of  L  from  the  more  recent  free  electron  theory  of  metals.       His  value, 
2.443     X  10""    V2/K2,    is  commonly  designated     L      .       Electron  Lorenz 
numbers,  P  X  e  /  T,     other  than  the  Sommerfeld  value,   will  be  designated    Le 
to  distinguish  them  from  total  Lorenz  numbers,     L  =   PX/T. 
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Figure  2.       Electrical  resistivity  of  metals  and  alloys,      (a)  pure  metal  (gold), 

(b)  high  conductivity  alloy  (aluminum-7039),    and  (c)  low  conductivity 
alloy  (titanium -5A^Z.  5  Sn). 
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For  many  pure  metals  the  experimentally  determined  values  of 

— q       2/2 

L  fall  between  2.  2  and  3.0X10      V    /K     at  room  temperature  and  only 

slightly  higher  (2  to  3  percent)  at   100°  C.     At  very  low  temperatures  the 

experimental  values  of  L  are  also  near  the  Sommerfeld  value.     At 

intermediate  temperatures,   values  of  L  below  L     are  observed.      The 

o 

magnitude  of  the  decrease  of  L  below  LQ    increases  with  increasing  purity. 

The  values  of  L  and  L      are  nearly  identical  for  pure  metals   since  the 

e 

lattice  conductivity  is   small. 

The  decrease  of  L     from  L     in  pure  metals  is  caused  primarily 
e  o 

by  the  fact  that  the  relaxation  times  for  thermal  and  electrical  conduc- 
tion processes  are  different  at  intermediate  temperatures.     The  elec- 
trical conductivity  increases  with  decreasing  temperature  faster  than  the 
thermal  conductivity.     As  the  residual  resistivity  decreases,    L     approaches 
the  value  for  a  defect  free  crystal,    thus,    resulting  in  a  curve  with  a 
lower  minimum.     The  electronic  Lorenz  ratios  of  several  metals  as 
well  as  a  defect  free  crystal  are  shown  in  figure  3. 

For  alloys  the  measured  values  of  Lorenz  ratio  are  always  higher 
than  their  pure  metal  counterparts,    in  some  instances  considerably 
higher.      However,    a  similarity  still  exists  in  that  the  Lvs  T  curve  tends 

toward  L     at  both  extremes  of  temperature.      At  intermediate  temperatures 
o 

values  of  L  vary  from  slightly  below  L     for  dilute  alloys  to  more  than 
ten  times  larger  than  L     for  some  highly  alloyed  structural  metals.      A 
few  typical  curves  for  alloys  are   shown  in  figures  4  and  5.      The  large 
values  of  Lorenz  ratio  observed  for  these  alloys  is  caused  by  the  pre- 
sence of  a  significant  lattice  conductivity  as  mentioned  previously. 
Often,    knowledge  of  the  magnitude  of  the  lattice  conductivity  is   so  limited 
that  it  is  ignored  in  the  calculation  of  L     for  alloys  as  it  is  for  pure 

metals.      This  is  incorrect  for  alloys,    of  course,    but  until  A.    is  known 

g 
more  accurately,    our  knowledge  of  L     will  also  be  severely  limited. 
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Figure  4.       Values  of  (L-L0)/L0  for  several  classes  of  commonly  used  materials. 
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Figure  5.       Values  of  the  total  Lorenz  number  for  several  classes   of  commonly 
used  materials. 
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White   [2]  recently  has  compiled  values  of  L     as  a  function  of 

e 

reduced  temperature,    T/8     ,    for  several  metals  (9      is  the  Debye  tem- 
perature).    Values  of  9      for  selected  metals  are  shown  in  table   1   L3]. 

White's  L     data  show  a  variation  of  only  about  ±2  percent  from  the  mean 
e 

values  to  temperatures  as  low  as  0.  2  9     .     White  calculated  X     from  eq  (4) 

D  g 

below,    whose  form  was  proposed  by  Leibfried  and  Schlomann  [4]  among 

others: 

X     =   180  »A  9^  3/y3  T    Wm^K"1    .  (4) 


In  eq  (4)    a=  lattice  spacing,    A  =  atomic  weight,    9      =  Debye  temperature, 

and  y  =  the  Griineisen  parameter.     For  monovalent  metals,    values  of 

X     calculated  from  eq  (4)  are  only  about  2  percent  of  the  total  experimentally 

g 
determined  conductivity.     For  the  transition  elements  iron,    platinum, 

and  tungsten,    X    values  are  about  20  percent  of  the  total. 

3.     Data 
Childs,    et  aL,L5]  of  this  laboratory  have  recently  made  an  extensive 
compilation  of  thermal  conductivities  of  materials  at  low  temperatures. 
From  their  work,    publications  which  contained  both  electrical  and  thermal 
conductivity  data  for  the  same  materials  were  identified.      These  refer- 
ences were  searched  for  data  useful  to  calculate  Lorenz  ratos  and  for 
citations  to  additional  measurements.      This   search  resulted  in  the  refer- 
ence sources  listed  in  Appendix  III.      The  electrical  resistivity  and  thermal 
conductivity  data  from  these  reference  sources  were  extracted  and  con- 
verted to  a  common  set  of  units  (SI).     Lorenz  ratios  were  calculated  and 
are  plotted  in  the  figures  of  Appendix  I.      The  tabular  values  of  electrical 
resistivity,    thermal  conductivity,    and  Lorenz  ratios  as  reported  in  the 
literature  are  given  in  the  right  hand  columns  of  Appendix  II.      The  computed 
values  of  Lorenz  ratio  in  SI  units  are  given  in  the  left  hand  columns. 
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[3] 
TABLE   1„      Debye  temperatures  of  selected  common  metals 

Debye  temperature,    8 
Substance  (K) 


Aluminum  42  6 

Beryllium  1160 

Chromium  610 

Copper  344 

Gold  165 

Iron  464 

Lead  96 

Magnesium  406 

Manganese  47  6 

Molybdenum  440 

Nickel  440 

Platinum  240 

Silver  225 

Tantalum  250 

Tin  195 

Titanium  420 

Tungsten  405 

Zinc  300 
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In  many  instances,    data  had  to  be  read  from  small  graphs.     The 
error  introduced  by  reading  these  graphs  was  sometimes  above   10%. 
This  is  unfortunate  especially  in  those  instances  where  the  uncertainty 
of  the  original  experimental  data  was  smaller  than  10%.     In  some 
instances  where  data  are  closely  spaced,    curves  were  drawn  to  repre- 
sent these  data.     No  attempt  was  made  to  smooth  the  data  or  to  present 
best  values.      Considerably  more  work,    both  experimental  and  theore- 
tical,   must  be  done  before  smoothing  can  be  done  with  confidence. 

It  is  difficult  to  assess  the  uncertainty  of  thermal  conductivity 
data.     Probably  the  best  one  should  expect  is  about  1%  and  the  worst 
(except  for  blunders)  is  about  50%.     Many  sources  list  uncertainties 
between  5  and  10%.     The  Lorenz  ratios  will  have  comparable  uncertainties 
since  the  uncertainty  in  electrical  resistivity  is  generally  much  smaller. 
Childs,    et  aX,[5]  made  estimates  of  thermal  conductivity  uncertainty  for 
each  of  the  references.      These  estimates  are  not  repeated  here. 

4.      Predictive  Procedures 

In  order  to  use  the  Lorenz  ratio  data  presented  here  in  predicting 
thermal  conductivities  of  new  materials  one  must  associate  this  material 
with  one  whose  L(T)  is  already  known  and  measure  the  electrical  resis- 
tivity of  the  new  material.      Then  one  may  compute 

P 

It  is  stressed  that  obtaining  p  is  significantly  easier  than  measuring  X. 
The  association  of  one  material  with  another  may  be  done  primarily 
from  a  knowledge  of  its  composition  but  also  from  other  characterization 
parameters  such  as  electrical  resistivity,    hardness,    density,    or  crys- 
talline structure.     The  thermal  and  mechanical  histories  of  the   specimen 
are  important  as  well. 
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In  the  event  that  no  similar  material  has  been  measured,    generally 
less  accurate  techniques  of  prediction  may  be  considered.      For  purposes 
of  prediction,    divide  materials  into  the  following  classes: 

( 1 )  pure  metals  , 

(2)  high  conductivity  alloys, 

(3)  low  conductivity  alloys, 
and  consider  temperatures  in  three  ranges: 

(a)     T>    &d  , 

(b)  t  <  eD  , 

(c)  t<  eD  . 

We  will  consider  pure  metals  first.     At  temperatures  above  9      or 

much  less  than  6     (say  0.  01  8_)»    one  can  make  reasonable  estimates  of 

thermal  conductivity  of  pure  metals  by  calculating  A     as  L     T/p.      The 

lattice  conductivity,    A.  ,    is  computed  from  eq  (4)and  the  total  conductivity 

g 
A,    from  eq(l).   The  contribution  of  the  lattice  conductivity  for  pure  metals 

is  usually  negligible.      The  electrical  resistivity,    p(T),    can  often  be  ob- 
tained directly  from  the  literature   [6,    7]  or  from  a  measurement  of  p 
and  values  of  p.  (T),    also  found  in  the  literature.     At  temperatures  from 
about  0.  2  6      to  9      L  and  L     are  temperature  dependent  but  not  appreciably 
dependent  on  purity.     Thus,    one  can  use  the  L     curve  obtained  by  White 
L2],    shown  in  figure   3,    to  calculate  A     from  L    T/p.      Between  0.01   EL 
and  0.  2  9        the  electronic  and  total  Lorenz  numbers  are  dependent  on 
purity  and  temperature.     No  correlation  between  L  and  purity  has  been 
mathematically  formulated,    although  it  is  clear  that  one  exists.     It  is 
noted  that  at  temperatures  above  about  0.  2  9     ,    the  thermal  conductivity 
of  pure  metals  is  not  strongly  dependent  upon  the  chemical  or  physical 
condition  of  the  metal.      Thus,    if  accurate  conductivity  values  have  been 
obtained  for  a  pure  metal,    these  values  above  0.  2  8      are  applicable  to 
other  specimens  to  within  about  10%. 
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Next  we  will  consider  high  conductivity  alloys.      High  conductivity 

alloys  are  generally  dilute  alloys  but  may  also  be  the  result  of  alloying 

similar  elements.     Ordered  alloys  also  have  high  conductivities.      The 

values  of  L  for  high  conductivity  alloys  are  generally  near  L     at  all 

temperatures.      Thus,    a  first  approximation  of  thermal  conductivity  can 

be  obtained  from  L    T/p. 
o 

Last  we  will  consider  the  low  conductivity  alloys.      Generally,    these 
are  highly  alloyed  structural  alloys.      Prediction  of  the  thermal  conduc- 
tivity is  most  difficult  at  temperatures  T   ^  8      in  the  low  conductivity 
alloys.     Here  the  lattice  conductivity  is  comparable  to  and  sometimes 
much  larger  than  the  electron  conductivity.      If  a  comparable  alloy  has 
not  been  measured,    it  is  probably  impossible  to  predict  a  reasonable 
accurate  value  of  \  f or  this  case.      We  presently  are  engaged  in  a  program 
to  improve  the  predictive  capabilities  for  such  alloys.      It  appears  reason- 
ably obvious  that  to  do  this  one  must  be  able  to  calculate  the  electron 
component  from  the  electrical  resistivity  and  the  lattice  component  by 
some  other  means.      The  lattice  component  probably  will  be  obtained 
from  a  modified  form  of  eq  (4),  but  additional  research  will  be  required 
before  a  more  accurate  equation  is  found  and  its  limitations  are  under- 
stood.     At  temperatures  above   9    ,    one  can  obtain  a  first  approximation 
of  thermal  conductivity,    usually  on  the  low  side,    from  L    T/p.      The  above 
methods  of  prediction  are  summarized  as  follows: 
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Pure 
Metals 

High  Conductivity 
Alloys 

Low  Conductivity 
Alloys 

T«eD 

X  m  L     T/p 
o 

X  ft*  L     T/p 
0 

No 

Valid 

Predicting 

Method 

Known 

t  <e 

D 

A.  m  L     T/p 
e 

for  o.  2  eD  <t  <  eD 

L     from  White   [2] 
e 

A.  «  L     T/p 

Predictions  difficult 
for  0.  01 6 1  <T  <0.  2  8 

T>eD 

\  «L     T/p 
0 

\«L     T/p 
0 

X   ps  L     T/n 

0      '  Mo 

5.     Further  Work 

It  is  seen  from  this  compilation  that  the  Lorenz  ratios  of  pure 

metals  are  near  the  Sommerfeld  value,    L     =  2.443  X   10       V   2 /K    ,    at  low 

o 

temperatures  (residual  region),    fall  to  lower  values  at  intermediate  cryo- 
genic temperatures,    and  increase  again  to  near  L     at  high  temperatures. 
At  intermediate  temperatures  a  dependence  on  impurity  concentration  is 
observed.     For  alloys  one  obtains  the  expected  increase  in  Lorenz  ratio 
at  intermediate  temperatures  instead  of  a  dip  as  for  the  pure  metals. 
This  increase  in  L  is  evidence  of  a  relatively  large  lattice  conductivity. 
Somewhat  challenging  from  a  predictive  standpoint  is  the  large  spread  in 
Lorenz  ratios  for  the  given  classes  of  materials  at  each  temperature. 
This  large  spread  will  result  in  large  uncertainties  in  predicted  thermal 
conductivities  based  on  these  curves.     Further  subdivision  of  materials 
may  be  necessary  to  achieve  a  sufficiently  small  spread  to  be  useful. 

The  objective  of  this  Lorenz  ratio  compilation  is  to  separate 
materials  into  classes  based  on  similar  Lorenz  ratio  curves.     From 
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these  curves  and  a  knowledge  of  the  electrical  resistivity  of  a  new  mat- 
erial from  that  class,    it  is  often  possible  to  approximate  the  thermal  con- 
ductivity of  the  new  material.      This  compilation  has  revealed  some  other 
interesting  possibilities  for  prediction  of  thermal  conductivities.      For 
example,    in  several  instances  data  exist  in  the  literature  which  will 
allow  computation  of  the  specific  thermal  resistivity  resulting  from 
controlled  addition  of  impurity  atoms  in  a  given  host  material.     It  has 
been  noted  that  some  impurities  are  much  more  effective  scatterers 
than  others.     From  a  table  of  specific  thermal  resistivities,    similar  to 
that  compiled  by  Blatt  [8]  for  electrical  resistivity,    one  may  be  able  to 
accurately  predict  the  electronic  thermal  conductivity  of  metals  and 
alloys.     Of  the  huge  number  of  host-impurity  element  combinations  which 
exist,    only  a  few  have  been  measured.      However,    there  is  a  good  possi- 
bility that  one  can  construct  such  a  table  from  a  knowledge  of  L(T)  for 
pure  metals  and  Blatt's  specific  electrical  resistivities.      The  measure- 
ments which  have  been  compiled  here  and  by  Childs,    et  al.,  [5]  can  be 
used  to  check  the  accuracy  of  such  calculations.     The  available  data  will 
also  be  useful  in  examining  lattice  conductivity. 
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Figure  2.      Lorenz  ratio  of  aluminum 
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Figure  3.      Lorenz  ratio  of  aluminum  alloys 
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Figure  5.      Lorenz  ratio  of  gold 
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Figure  6.      Lorenz  ratio  of  gold-cobalt  alloy 
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Figure  7.      Lorenz  ratio  of  silver 
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Figure  8.      Lorenz  ratio  of  copper 
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Figure   11.      Lorenz   ratio  of  scandium  and  yttrium 
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Figure  12.      Lorenz  ratio  of  titanium,    hafnium,    and  zirconium 
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Figure   13.      Lorenz  ratio  of  titanium  alloys 
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Figure- 14.      Lorenz  ratio  of  tungsten 
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Figure  15.      Lorenz  ratio  of  molybdenum 
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Figure  16.      Lorenz  ratio  of  chromium 
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Figure  19.      Lorenz  ratio  of  stainless  and  alloy  steels 
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Figure  21.      Lorenz    ratio  of  cobalt 
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Figure  23.      Lorenz  ratio  of  nickel  alloys 
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Figure  25.     Lorenz  ratio  of  palladium 
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Scandium  and  Yttrium 


RAJS  AND 

COLVINl 1964) . 
LORENZ 

SC  AND 

Y-AC 

LORENZ 

TEMP 

RATIO 

TEMP 

RATIO 

4.2 

7.00-008 

4.2 

7.oo-0n 

20.0 

6.00-008 

20.0 

6.00-00 

40.0 

4.20-008 

40.0 

4.20-uO 

60.0 

3.30-008 

60.0 

3.30-UO 

80-0 

3.10-008 

80.0 

3.10-00 

120.0 

3.15-008 

120.0 

3.15-00 

160.0 

3.30-008 

160.0 

3.30-00 

200.0 

3.60-008 

200.0 

3.60-00 

240.0 

3.85-008 

240.0 

3.85-00 

280.0 

4.35-008 

280.0 

4.35-00 

300.0 

4.65-008 

300.0 

4.65-00 

AMARIN, 

CHUPRIK.OV.  AND 

SHALYTI 1969) . 

SC  AND  Y- 

TCSIPAR 

LORENZ 

LORENZ 

TEMP 

RATIO 

TEMP 

RATIO 

5.0 

4.20-008 

5.0 

4.20-00 

10.0 

4.70-008 

10.0 

4.70-00 

17.0 

5.00-008 

17.0 

5.00-00 

20.0 

4.90-008 

20.0 

4.90-00 

30.0 

4.50-008 

30.0 

4.50-00 

40.0 

4.10-008 

40.0 

4.10-00 

50.0 

3.95-008 

50.0 

3.95-00 

60.0 

3.90-008 

60.0 

3.90-00 

70.0 

3.80-008 

70.0 

3.80-00 

80.0 

3.77-008 

80.0 

3.77-00 

90.0 

3.75-008 

90.0 

3.75-00 

100.0 

3.72-008 

100.0 

3.72-00 

110.0 

3.70-008 

110.0 

3.70-00 

120.0 

3.68-008 

120.0 

3.68-00 

130.0 

3.67-008 

130.0 

3.67-00 

140.0 

3.66-008 

140.0 

3.66-00 

150.0 

3.65-008 

150.0 

3.65-00 

TAMARIN,  SHUPRIKOV,  AND  SHALYT ( 1969 ) .  SC  AND  Y-  TCS  PERPENDICULAR) 

LORENZ 

TEMP       RATIO 

5.0  3.00-008 

10.0  3.05-008 

14.0  3.10-008 

20.0  3.00-008 

30.0  2.47-008 

40.0  2.00-008 

50.0  1.95-008 

60.0  1.90-008 

70.0  1.95-008 

80.0  2.00-008 

100.0  2.03-008 

120.0  2.47-008 

140.0  2.50-008 

150.0  2.53-008 


LORENZ 

TEMP 

RATIO 

5.0 

3.00-00 

10.0 

3.05-uO 

14.0 

3.10-00 

20.0 

3.00-00 

30.0 

2.47-00 

40.0 

2.00-00 

50.0 

1.95-00 

60.0 

1.90-00 

70.0 

1.95-00 

80.0 

2.00-00 

100.0 

2.03-00 

120.0 

2.47-00 

140.0 

2.50-00 

150.0 

2.53-00 
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Molybdenum 


BACKLUNDl 1967) »M0 


LORENZ 

ELECTRICAL 

THERMAL 

TEMP 

RATIO 

TEMP 

RESIST IVITY 

CONDUCTIVITY 

100.0 

1.74-008 

100.0 

1.05-006 

1.66+000 

150.0 

2.24-008 

150.0 

2.30-006 

1.46+000 

200-0 

2.36-008 

200.0 

3.35-006 

1.41+000 

250.0 

2.53-008 

250.0 

4.55-006 

1.39+000 

300.0 

2.54-008 

300.0 

5.60-006 

1.36+000 

KANNULUIKI 1933' •  MO-  Kill 


LORENZ 

TEMP 

RATIO 

273.1 

2.63-008 

194.6 

2.38-008 

90.1 

1.94-008 

NNULUIKI 1933 )  .  MO-  K<  2 1 

LORENZ 

TEMP 

RATIO 

273.1 

2.61-008 

194.6 

2.35-008 

90.1 

1.76-008 

LORENZ 
TEMP    RATIO 
0.0   2.63-OOE 
-78.5   2.38-006 
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